Abstract: Differences in soil stability, especially in visually comparable soils can occur due to microstructural processes and interactions. By investigating these microstructural processes with rheological investigations, it is possible to achieve a better understanding of soil behaviour from the mesoscale (soil aggregates) to macroscale (bulk soil). In this paper, a rheological investigation of the factors influencing microstructural stability of riparian soils was conducted. Homogenized samples of Marshland soils from the riparian zone of the Elbe River (North Germany) were analyzed with amplitude sweeps (AS) under controlled shear deformation in a modular compact rheometer MCR 300 (Anton Paar, Germany) at different matric potentials. A range physicochemical parameters were determined (texture, pH, organic matter, CaCO 3 etc.) and these factors were used to parameterize pedotransfer functions.
INTRODUCTION
The tidal part of the Elbe River (North Germany) has been modified several times over the past decades by dredging and riverbank reinforcement to meet cargo vessel requirements. This has changed the hydromorphology of the Tidal Elbe estuary by an enhanced volume of sediment being transported upstream and a more pronounced gradient in salinity (Bergemann, 1995; Freitag et al., 2007; Garniel and Mierwald, 1996) . Through specific hydraulic-engineering structures, dynamic processes in stream margins and riparian zones are suppressed. To return the Tidal Elbe estuary to a more natural state, anthropogenic structures such as artificial rip-rap revetments could be removed and dynamic processes driven by the tide enhanced. However, the impact of these interventions to tidal soil stability is unknown and requires investigation.
The quantification of structural stability is a central field of research, as soil structure possesses many functions e.g. resistance against deformation and erosion, and there have been ambitious projects and discussions on it for several decades as reviewed by e.g. Bronick and Lal (2005) or Warkentin (2008) . In classical soil mechanics, the stability of soil structure is often characterized by examining compression and/or shear behavior. These analyses on the mesoscale provide information about the reaction of the regarded total soil volume towards stresses at defined boundary conditions. Parameters such as precompression stress (Pc), angle of internal friction (ϕ) and cohesion (c) at the aggregate or bulk soil scale provide valuable information about mechanical response, but cannot identify the causes of mechanical stability (Hartge and Horn, 2016) . The reasons for different strength properties, particularly in visually comparable soils that to the eye have similar colour, texture and structure, can manifest at the microscale from interparticle to microaggregate interactions. Knowledge of the processes at the microscale has been made possible in recent years by rheological studies of natural soils (e.g. Ghezzehei and Or, 2001; Holthusen, 2010; Markgraf and Horn, 2009; Pértile et al., 2016; Torrance, 1999) . Key drivers of rheological behavior identified in these studies are soil organic matter and varying electrolyte concentrations (e.g. Carotenuto et al., 2015; Holthusen et al., 2012c; Markgraf et al., 2012b) . In tidal soils, Markgraf et al. (2012a) found differences in the rheology and therefore the microstructural stability between natural, Na-affected and cultivated gypsum amended in a Salic Tidalic Fluvisol from Sevilla, Spain. They found dispersing effects due to repulsive forces related to Na + under natural, sodic-saline conditions, and aggregating effects from gypsum amelioration based on attractive forces for Ca 2+ . In a more humid climate, the repulsive forces of Na + and the strengthening effect of Ca 2+ were observed in the micro-mechanical strength of soils from two sites of the riparian zone of the Elbe River estuary, taking salinity gradient and soil maturation into account (Baumgarten et al., 2012) .
Recent studies confirm that many further physicochemical parameters affect the rheological response of soils including: soil texture and water content (Jeong et al., 2010; Markgraf et al., 2006) , cation exchange capacity and electric conductivity (EC) (Baumgarten et al., 2012; , carbonate content and pH (Markgraf et al., 2012a) as well as iron (hydr)oxides (Markgraf and Horn, 2007) . However, the combined effect of physicochemical parameters influencing the microstructural stability has received limited attention. For tidal soils, such information is extremely important to assess the potential risks and benefits of interventions to alter the hydrodynamic properties of rivers or to remove past anthropogenic structures that affect tidal response. To address this gap in knowledge, this study compares physicochemical factors to rheological response of tidal soils. Samples are taken from a natural gradient in salinity and sodicity along the estuary and from chronosequences of Salic Fluvisols to Calcaric Fluvisols. By exploring a wide range of physicochemical parameters we identify the statistically significant factors and attempt to parameterize them into pedotransfer functions.
The aim is to facilitate a mathematical estimate of the rheological parameter integral z, which has been introduced by Markgraf and Horn (2009) and quantifies the microstructural stiffness.
MATERIAL AND METHODS

Soil samples
Twenty-two sites along the North German Elbe estuary were chosen to provide a gradient in salinity and sodicity (Fig. 1) . Fig. 1 . The Elbe estuary sampling locations: stars depict the sites (modified after Freitag et al. (2007) ).
At each site, three soil pits were dug in the embankment foreland at three elevations in relation to the mean water levels: profile 1 above mean high tide (MHWL), where commonly grassland had developed; profile 2 in the range of MHWL with partly extensive reed vegetation and profile 3 below MHWL with sparse vegetation (Fig. 2) . Disturbed samples were taken from each profile at defined depths: in profile 1 at 10, 30, 50 and 70 cm; in profile 2 at 10, 30 and 50 cm; in profile 3 at 10 and 30 cm beneath ground level. After transferring the soil to the laboratory in properly sealed plastic bags, the samples were air dried, homogenized with a pestle and passed through a sieve with a mesh size of 2 mm. 
Standard physicochemical analyses
The laboratory analyses described in the following were performed according to Blume et al. (2011) and Schlichting et al. (1995) . Sieved soil material was was mixed at 1:2.5 (w/w) with 0.01 M CaCl 2 to determine pH and deionized water to determine electric conductivity (EC). Particle size distribution was analyzed by sieving and sedimentation after destroying soil organic matter with H 2 O 2 (30%), and dissolving calcite (CaCO 3 ) by HCl. Total soil carbon was measured by means of finely ground soil material, which was ashed in a Ströhlein apparatus based on the principle of coulometry. The content of CaCO 3 was determined according to Scheibler´s method by gas volumetric determination of the released CO 2 . The difference between inorganic and total carbon is equivalent to the organic C. Exchangeable cations were extracted by 0.1 M BaCl 2 . Concentrations of Ca 2+ , Mg
2+
, K + and Na + were measured against standard solutions using a flame AAS system. The total amount of pedogenic iron oxides (Fe d ), which develop during pedogenese, were analyzed by extraction with 0.3 M Na-citrate solution, 1 M NaHCO 3 solution and Na-dithionite according to the method described by Mehra and Jackson (1960) . The iron concentration was determined by atomic absorption spectrometry.
Rheometry
Amplitude sweeps (AS) with controlled shear deformation were conducted with a modular compact rheometer MCR 300 (Anton Paar, Ostfildern, Germany) with a profiled 25 mm diameter parallel-plate measuring system at a plate distance of 4 mm in oscillating mode. The configurations of the tests were carried out in accordance with Markgraf (2006) (Table 1) , since these configurations already have shown good performance and reproducibility in previous studies (e.g. Ajayi Ayodele and Baumgarten et al., 2013; Holthusen et al., 2010 Holthusen et al., , 2012b . However, some settings vary from conventional rheological test settings. To consider the greatest possible particle/ cluster size of the sieved soil material, the measuring gap is fixed to 4 mm as a compromise, because it is the smallest possible plate distance to produce reliable rheological data without removing a significant portion of primary particles and breakdown of microaggregate structures that are of interest. The frequency is kept constant at 0.5 Hz -common values are around 1.6 Hz -to ensure that the determined rheological parameters (Gʹ, Gʺ) describe the actual structural character of the soil and not a more inflexible structure because of faster oscillation, which may occur at frequencies 5-10 times higher (Mezger, 2014) . Air dried, homogenized and sieved (< 2 mm) samples from all sites and depths were repacked into stainless steel cylinders (45 cm 3 ) to a standard bulk density of 1.4 Mg m -3 . Afterwards, the repacked samples were capillary saturated with deionized water to achieve quasi-saturated conditions (0 kPa). Subsequently, a portion of the prepared cylinders was drained and equilibrated to a matric potential of -6 kPa on ceramic plates.
Repacked soil samples from profile 1 were additionally equilibrated to a matric potential of -15 kPa.
For the rheological measurement, a small amount of soil was taken with a spatula from each cylinder and put on the fixed measuring plate of the rheometer. After lowering the upper plate to the defined measuring gap (4 mm) automatically, the normal force was checked to maintain an undisturbed quasielastic soil structure (i.e. F N ≤ 12 N). Operation of the rheometer, monitoring of the ASs and generation of the rheological parameters (G′, G″, tan δ, integral z) were carried out by the software Rheoplus/32 V3.21. Five replicates were performed per depth and dewatering state. The water content of the samples (w/w) was determined before and after each test.
Loss factor tan δ and integral z
Since soil can be defined as a viscoelastic substance (Markgraf, 2006) , amplitude sweeps are a suitable method to investigate the structural character of soils. During amplitude sweeps soil samples experience a gradual degradation of microstructural stiffness (Fig. 3 ). This destruction of internal structure can be characterized by the well-established rheological parameters storage modulus (G'), loss modulus (G"), their intersection at the flow point and the linear viscoelastic range (LVE) where G' and G" do not change with increasing applied shear deformation. Moreover, the microstructure of soils can be specified by the loss factor tan δ, which is the ratio of G" to G' and describes the viscous part to the elastic part of the deformation energy. A tan δ < 1 indicates that the G' is greater than G", so elastic processes prevail and the soil exhibits a quasielastic behavior, i.e. applied deformation leads to full or at least partial microstructural regeneration. When tan δ = 1 the flow point ("cross-over") is reached (G' = G"). If G' < G" a viscous character predominates, tan δ > 1 (i.e. G" > G') and irreversible microstructural failure occurs (Mezger, 2014) .
For further comparison of the quasi-elastic range (tan δ < 1) in absolute terms, the dimensionless area parameter integral z can be used. The greater the value of integral z, the more elastic or rigid the soil is (Markgraf and Horn, 2009 ). Thus, integral z quantifies the structural strength in consideration of elasticity loss due to increasing shear deformation γ over time. The integral of tan δ(γ) with tan δ = 1 as the defined limit was calculated from equation (1).
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Statistics
All statistical analysis was done using R (Version 3.1.1) (R Developement Core Team, 2013) based on mixed models ( Laird and Ware, 1982; Verbeke and Molenberghs, 2008) by means of analyses of covariance and variance (ANCOVA resp. ANOVA).
First, all chemical parameters (pH, EC, CaCO 3 etc.) were tested on multicollinearity, as parameters that strongly correlate with one another would distort further statistical analyses. Based on this test the explanatory variables shown in Table 2 (col. 4) have been designated as non-correlated initial input parameters to run ANCOVA. Subsequently performed ANO-VA permits the identification of the significant predictor variables.
RESULTS
Rheological properties: Integral z
The microstructural elasticities of the studied soils determined by amplitude sweeps under deformation-controlled conditions and characterized by the dimensionless area parameter integral z and flow point are summarized in Table 3 .
At saturation, the soil samples from profile 3, which represents the initial stage of soil maturation, had the smallest integral z values (10-15). At a slightly higher elevation, usually under extensive reed vegetation (profile 2), the integral z values were of the same magnitude as in profile 3. For both profiles, loamy soil samples exhibited the greatest microstructural elasticity. This was also evident due to the shift of the flow point to a slightly greater deformation. The grassland profiles (profile 1) show a wide range of integral z values from 10 to 57 at quasi saturated conditions. Again, the largest values were obtained 
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for loamy soil samples, but also for some clay samples in brackish waters. These clay samples did not reach the flow point during AS. Nevertheless, most samples exhibited a small microstructural elasticity and samples originating from marine sedimentation regions and clayey soil samples had the least elastic microstructure. For many soil samples it should be noted that larger integral z values were reached when the flow point shifted to greater deformation values. Occasionally, deformation values at the flow point differ for similar integral z values. In such cases the additional consideration of the flow point allows a more sophisticated assessment of the rheological behavior. Drainage to field capacity (-6 kPa) induced no changes for recently deposited sediments (profile 3), but caused a marginally enhanced microstructural stiffness for the soil samples from profile 2, as indicated by slightly larger integral z values. However, under reed vegetation, silty soil samples sometimes do not reach the flow point and therefore achieve large integral z values. As under quasi-saturated conditions, the widest range of integral z values was attained under grassland (11-61), but at field capacity the microstructural elasticity seemed to be intertwined with texture and the area of sedimentation: very small integral z values (< 15) in the marine region and larger values (> 45) in the fluvial region. Moreover, it was notable that the values obtained at a matric potential of -6 kPa were characterized by variable data. In brackish waters in particular, both small and very large integral z values were acquired. At a matric potential of -15 kPa the integral z values were usually relatively large (> 40), implying a more rigid microstructure. Exceptions were silty soil samples from the marine region, which also had a large standard deviation and did not reach the flow point within the deformation range applied.
In general, the integral z exhibited relatively small values and standard deviations under quasi-saturated conditions. Larger values were reached with increasing desiccation, but drainage also lead to greater deviations reflected by outliers and/or wider ranges. Although significant differences between the topsoils of profile 1 and profile 3 were determined at saturation, these differences vanished as the soils dried to field capacity. Topsoils and subsoils differed from each other under grassland and under reed for all applied matric potentials (data not shown). Rheological behavior appears to be affected less by soil maturation than the area of sedimentation and therefore physicochemical properties including texture and particle size distribution. Figure 4 shows strongly generalized curves for the main texture groups (sand, loam, silt, clay) and tan δ at different matric potentials. The curves illustrate the rheological response to oscillatory stresses for representative soil samples, which possess the average chemical features of the specific texture group.
Texture effect and impact of drainage
The stiffness degradation under quasi-saturated conditions was comparable for sandy, silty and loamy soils. An increase of tan δ at γ = 0.01-10% was evident and mainly due to the uppiling and re-orientation of soil particles and clusters, leading to a temporary stabilization of microstructure before its complete collapse. This re-orientation is more pronounced in sandy and silty soils than in loamy soils. Moreover, sand and silt showed a steeper increase in tan δ after re-orientation, resulting in an earlier intersection with the tan δ = 1. Loam required greater deformation to reach tan δ = 1 and had a less distinct slope. In contrast, clayey soils exhibited a gradual decrease of microstructure for the entire deformation range under quasi-saturated conditions.
Desiccation to -6 kPa did not substantially alter the curve characteristics for loamy soils. In most cases this was also true for sandy and silty soils, but for these texture groups drainage to field capacity occasionally provoked a shift of the flow point to greater deformation, preventing deformation into the viscous regime and indicating a greater elastic microstructure measured by larger integral z values. Clay retained its curve shape, depicting the gradual degradation of microstructure at field capacity. For this texture the flow point and transition into viscous flow was also not reached.
The effect of drainage was most pronounced at a matric potential of -15 kPa. All texture groups showed curve characteristics that indicated a rigid microstructure as over a range of deformations the elastically dominated regime stayed below the tan δ = 1 line.
Interaction of texture and water content
The rheological response of soils under oscillatory conditions was influenced considerably by particle size distribution and water content (see above and Fig. 5 ). Depending on particle size and specific surface, which increases with decreasing grain size, the water content varied at a given matric potential. Accordingly, as median of grain size (d 50 ) increases, less water was retained. At saturation, coarser textures with d 50 > 100 µm had gravimetric water contents between 20 and 40%, whereas at a matric potential of -15 kPa the water contents were below 20%. Fine textured soils with d 50 between 5 and 20 µm had gravimetric water contents around 60% at saturation, whereas the water content decreased to below 40% through drainage to -15 kPa ( Fig. 5a and b) .
The coefficient of determination (R 2 ) between integral z and matric potential under quasi-saturated conditions showed a weak relationship if the textures of all analyzed samples, with varying chemical properties, were considered. However, under saturated conditions the integral z values increases with the median of grain size (Fig. 5c) . At a matric potential of -15 kPa capillary stresses influence the rheological response resulting in larger integral z values. In addition, the integral z values become greater with decreasing median of grain size (Fig. 5d) . Consequently, desiccation has a stabilizing effect on the soil microstructure and this effect becomes more distinct the more fine-grained the soil.
Pedotransfer functions
Due to the considerable impact of particle size distribution, the textures were grouped according to the German soil texture classification (KA5; Ad-Hoc-Arbeitsgruppe Boden (2005) ). Based on defined texture groups, the statistical evaluations (ANCOVA, ANOVA) were conducted and the physicochemical Fig. 4 . Generalized graphs for loss factor (tan δ) and integral z -quantifying microstructural elasticity -for each studied texture group (sand, loam, silt, clay) and matric potential (0, -6, -15 kPa) portrayed based on representative soil samples and derived from amplitude sweeps under oscillatory and controlled shear deformation. Table 2 (col. 5) were identified to significantly affect microstructural stability. Electric conductivity was eliminated during model simplification as water-soluble salts did not explain the variance of the integral z values. All other parameters had a significant influence on the elasticity of the soil microstructure. Additionally, the specific statistical relationships between the rheological parameter integral z and factors influencing microstructural stiffness allowed the development of pedotransfer functions (PTF). These provide a mathematical estimation of the microscale stability parameter integral z. The slopes of the relationships between individual parameters and integral z was highly texture dependent, so texture specific PTFs were generated. For reasons of simplicity, those parameters, which have just a minor impact on the soil microstructure, remain unconsidered, if the model quality and accuracy of PTFs does not worsen through their omission. Hence, not every parameter was required for each texture group to predict the integral z value reliably. Table 4 summarizes the developed PTFs for each texture group.
As far as the intersection with the ordinate is concerned, it can be ascertained that the transfer function for loam exhibits the highest intercept, which coincides with the results presented in Table 3 , where frequently the largest integral z values were observed in loamy soils. However, organic matter was included in each transfer function, which corroborates its well-known beneficial influence on soil (micro-) structure. Moreover, it is apparent that in sandy soils less organic matter was needed to enhance microstructural stiffness. Likewise the gravimetric water content was included in each function, but with a negative sign indicating its adverse effect (see above). Furthermore, calcite and Ca 2+ had a positive effect on elasticity but only one of these parameters was needed in the PTF. Finally pedogenic iron (hydr)oxides had an advantageous impact solely on sand and silt, whereas the detrimental effect of sodium was integrated in the transfer function for clay. It emerged that when the combined effects of the physicochemical parameters were considered, the stabilizing factors were: soil organic matter, concentration of Ca 
DISCUSSION
Texture effect
The loss factor tan δ, which represents the ratio of viscous to elastic behaviour, can be considered as a measure of the ability to store mechanical energy. Therefore, the capability to retain energy for reversing deformation is greater the smaller the value of tan δ. Furthermore, it decreases with increasing deformation and a characteristic degradation of internal structure takes place under oscillatory stress, which depends on particle size distribution. The textural effect on the curves of tan δ and thereby on the absolute value of integral z was already emphasized by Markgraf and Horn (2009) and Baumgarten (2013) and is also evidenced by the results presented here.
Under oscillatory shearing coarse-grained textures initially had a fast reduction of elasticity with increasing deformation. But as a consequence of relative motions (rotation, interlocking, up-piling, reorganization) coarser particles were likely able to attain an energetically more favorable (i.e. more stable) arrangement whereby the complete destruction of microstructure was delayed. While rounded and angular particles exhibit rolling shear behavior (Cho et al., 2006) , an increase in platy particles (i.e. clay platelets) leads to a more sliding shear behavior (Smith and Reitsma, 2002) , assuming no pronounced aggregation. Sliding shear behavior and the formation of slickensides result in a reduced shear strength (Li et al., 2012) caused by depletion of internal structure. Accordingly, the greater the silt and/or clay content, the less often interlocking between particles occurs and elasticity decreases gradually with increasing shear deformation (Baumgarten, 2013) . A theoretical consideration of the pore space provides an explanation of why and to what extent the shear behavior on the microscale changes with different particle size distributions. This can be conceptualized by considering a pure sand to which clay is amended at increasing concentrations. At first the contact points between particles in a pure sand remain unchanged after adding a small amount of clay as the clay particles and clusters merely partially occupy the pore space. Increasing the clay content decreases the porosity until the pore space becomes completely filled. Further clay particles are then exclusively deposited between sand particles, so the sand grains become separated and float in the clay matrix, which hence determines the shear behavior (Vallejo and Mawby, 2000) .
Moreover, excess pore water pressure may arise under mechanical stress, which reduces effective stress contributed by capillary cohesion. Convex menisci support the displacement of particles relative to one another and therefore deformation of microstructure during shear strain. Depletion and/or redistribution of positive pore water pressure are dependent on hydraulic conductivity, tortuosity of pore space and hydraulic gradient. The reallocation of excess pore water pressures is therefore closely related to particle size distribution and (micro) aggregation of soils: short flow paths and/ or high conductivity favor the reduction of positive pore water pressure. Concave and thus contractive menisci are established when a new equilibrium is reached .
Finally, in addition to the induced shear behavior, chemical surface properties prevail in clayey soils, because of their smaller particle size. There are diverse clay mineral associations that which react differently to shearing, so the rheological properties may vary substantially. Dolinar and Trauner (2007) found for kaolinite samples saturated with distilled water (pH ~ 4) a relatively large undrained shear strength due to the opposite charged edges and faces establishing a stable card-house structure. Small amounts of NaCl induced the collapse of this arrangement, resulting in reduced undrained shear strength through diminished edge-face-attraction and face-facerepulsion and therefore alignment of clay platelets. A similar behavior was observed for Na-smectite suspensions, which also exhibit a greater shear strength at low pH than at high pH and high NaCl concentration based on compressed double layers (Brandenburg and Lagaly, 1988) . Furthermore, the authors revealed that in the presence of Ca 2+ , the attractive forces between edges and faces are enhanced as well as the formation of stable face-face-associations due to a shared double layer. However, it is obvious that the rheological characteristics and degradation of soil microstructure are not exclusively regulated by soil texture. Varying soil chemical features and especially varying water contents affect the rheology of soils as well.
Menisci forces
The soil microstructure in our study was weakened by increasing water content. Furthermore, the more fine-grained the soil material, the more sensitive it reacted towards shearing under saturated conditions. With increasing saturation, additional water layers were absorbed, which enlarge the distance between individual particles and act as a lubricant. The more water layers that are attached to the mineral surface, the greater the mobility of single particles (Santamarina and Shin, 2009) . If chemically active particles are involved, existing interactions are reduced as well capillary suction, i.e. the negative pore water pressure, disappears when complete saturation is reached (Al-Shayea, 2001 ). Furthermore, because of mechanical strain, positive pore water pressures may occur, promoting the alignment of plate-like particles parallel to the shear direction.
By contrast, increasing desiccation stabilizes the microstructure of soil by water menisci forces, whereby fine-grained soils show a stronger reaction towards dewatering. In unsaturated soils, i.e. at negative pore water pressure, water menisci between soil particles provoke a contractive force such that the matric potential acts as a binding force between particles and stable connections are formed at rest (Osipov, 2014) . Therefore, any change in matric potential also causes a change in pore water pressure. By successive drainage, soil particles are pulled together (Horn, 1990) and apparent cohesion increases (Santamarina, 2001) , so the resistance of soils against external stresses is enhanced (Kézdi, 1974) . Many authors observed the stabilizing effect of menisci forces on the aggregate scale (e.g. Çokça and Tilgen, 2010; Gallipoli et al., 2003; Hoyos et al., 2014) . At the microscale the stabilization through menisci forces have also been shown based on various rheological parameters (Baumgarten, 2013; Czibulya et al., 2014; Holthusen et al., 2012b) . Ghezzehei and Or (2001) reported an increase of the shear modulus (G) and higher yield stresses with decreasing water content. observed an enhanced storage modulus (Gʹ) with reduced water content. Holthusen et al. (2010) determined a higher shear resistance at the end of the linear-viscoelastic range (LVE) as well as higher values for the maximum shear resistance with drainage. On the microscale, the stabilizing effect of desiccation is also related to reduced layers of water molecules. The closer the water molecules to the particle surface, the tighter they are bound to this surface, leading to a lower mobility of the molecules and accordingly to a high viscosity and a higher shear strength of the water films (Israelachvili et al., 1988) . Additionally, the decreased distance between particles favors particle-particle interactions (Santamarina and Shin, 2009 ).
Physicochemical parameters
The presented results confirm that the microstructure of soils is the product of a multitude of chemical, physical and biological interactions. Considering the combined effect of all relevant physicochemical properties, soil organic matter, concentration of Ca 2+ , calcite content (CaCO 3 ) and pedogenic iron oxides (Fe d ) represent stabilizing features, whereas the concentration of Na + , water content and the depth beneath ground level were found to be structurally disadvantageous factors. The positive impact of the beneficial factors was mainly attributable to their gluing and cementing effects. Soil organic matter has a marked influence on soil structure at different scales and by several mechanisms due to its complexity (Tisdall and Oades, 1982) . Extracellular polymeric substances (EPS), metabolites and other breakdown products generated by microbial decomposition act as binding agents, stick soil particles together and improve soil (micro) aggregation (Oades, 1984; Tisdall and Oades, 1982) . Another effect of stabilization emerges due to hydrophobization of aggregates: adsorbed hydrophobic organic molecules decrease the wettability and therefore the dispersibility of aggregates (Goebel et al., 2005) . The stabilizing effect of organic matter has been thoroughly proven not only on the aggregate scale (e.g. Chenu et al., 2000; De Gryze et al., 2005; Denef et al., 2002; Six et al., 2002) , but also on the particleparticle-scale. Holthusen et al. (2012a) examined the impact of organic and mineral fertilization on the rheological behavior of soils from a long-term fertilization trial (Bonn, Germany) and corroborated a decreased sensitivity towards oscillatory shearing with increasing organic matter content. The rheological response of natural slurries was investigated based on rotational experiments by Carotenuto et al. (2015) , who reported a decrease in viscosity and yield stress upon the selective removal of soil organic carbon. Majzik and Tombácz (2007) observed an improved microstructure of montmorillonite by adding humic acids (pH 6-6.5). However, this strengthening effect was associated with the presence of Ca 2+ , because otherwise humic acids are bound to the positive charged edges of the clay particles and thus support the dispersion of the microstructure. The importance of the relation between Ca 2+ and organic matter was also emphasized by Czibulya et al. (2014) .
It is well known, that calcium ions induce the formation of a stable card house structure of clays (Jasmund and Lagaly, 1993) and many authors emphasize the stabilizing effect of Ca 2+ (e.g. Paradelo et al., 2013; Wuddivira and Camps-Roach, 2007) . Thereby the formation of Ca 2+ bridges represents a long-term effect (Six et al., 2004) , which is further intensified through the addition of organic substances (Baldock et al., 1994) . In this respect, it seems plausible that Ca 2+ as well as CaCO 3 appeared with a positive sign in the pedotransfer functions, as calcite serves as a Ca 2+ source. In addition to its function as a bridging cation, dissolved Ca 2+ increases the electrolyte concentration of the soil solution, leading to compressed double layers and diminished dispersibility of clay particles. Chan et al. (2007) ascribed the enhanced soil structure of acid soils after application of CaCO 3 to an increase of the electrolyte concentration. Furthermore, Ca 2+ may exchange Na 2+ and partially Mg 2+ at negatively charged exchange sites (Armstrong and Tanton, 1992) , because it is preferably bound due to its smaller hydration shell (Zhang and Norton, 2002) .
Cementation of mineral particles occurs with an increasing content of iron oxides (Schwertmann and Niederbudde, 1993) . Strong interdependencies between iron oxides and organic substances benefit the formation of organo-mineral complexes, which on the one hand stabilize (micro) aggregates and on the other hand soil organic matter (Pronk et al., 2011) . Markgraf and Horn (2007) found the development of pseudosand in association with the cementation by iron oxides. Moreover, they described a significant reduction in microstructural stiffness after chemically extracting pedogenic iron oxides from the soils under study.
For clayey soils the pedotransfer function includes sodium with a negative sign, representing the well documented dispersive effect of Na + (e.g. Sumner and Naidu, 1998) , which is attributed to its monovalency and its large hydrated radius. Although it is generally known that in natural soils soil moisture is insufficient to completely hydrate exchangeable cations (Schwertmann and Niederbudde, 1993) , Na + -clay-connections are inherently unstable, as Na + mainly forms ionic bonds (Rengasamy and Olsson, 1991) . Finally, the water content negatively affects the elasticity of soils: increasing water content weakens the microstructure of soils due to smaller menisci forces as described above.
CONCLUSION
The rheological analyses of the investigated riparian Marshland soils provide new insight into the dynamic interactions between soil particles and the combined effects of stabilizing and destabilizing factors. The microstructural stiffness of the studied soils was evaluated by amplitude sweeps with controlled shear deformation. The results show a clear dependence on soil texture and water content. Rolling shear behavior in coarse-grained textures may cause a delay of microstructural collapse due to interlocking and/or rotation of soil particles and clusters. In fine-textured soils, sliding shear behaviour predominates and elasticity decreases gradually with increasing deformation. Increasing water content weakens the microstructure of soils due to smaller menisci forces, while desiccation stabilizes the microstructure through amplified menisci forces. The results corroborate the fact that the microstructure of soil is the product of a variety of processes and factors: the factors that significantly affect the soil microstructure in a positive way are soil organic matter, the concentration of Ca 2+ , calcite content (CaCO 3 ) and pedogenic iron oxides (Fe d ); detrimental factors are the concentration of Na + , water content and the depth beneath ground level. In particular, the consideration of the combined effects of physicochemical features is appropriate to characterize the elasticity of soil microstructure and therefore to develop proper and plausible pedotransfer functions.
